Background: changes in the intestinal and colonic proteome in patients with necrotizing enterocolitis (Nec) may help to characterize the disease pathology and identify new biomarkers and treatment targets for Nec. Methods: Using gel-based proteomics, proteins in Necaffected intestinal and colonic sections were compared with those in adjacent, near-normal tissue sections within the same patients. Western blot and immunohistochemistry were applied to crossvalidate proteomic data and histological location of some selected proteins. results: Thirty proteins were identified with differential expression between necrotic and vital small-intestine sections and 23 proteins were identified for colon sections. Five proteins were similarly affected in the small intestine and colon: histamine receptors (hRs), actins, globins, immunoglobulin, and antitrypsin. Two heat shock proteins (hsPs) were affected in the small intestine. Furthermore, proteins involved in antioxidation, angiogenesis, cytoskeleton formation, and metabolism were affected. Finally, secretory proteins such as antitrypsin, fatty-acid binding protein 5, and haptoglobin differed between Nec-affected and vital tissues. conclusion: Nec progression affects different pathways in the small intestine and colon. hsPs may play an important role, especially in the small intestine. The identified secretory proteins should be investigated as possible circulating markers of Nec progression in different gut regions. n ecrotizing enterocolitis (NEC) is the most severe gastrointestinal complication in preterm infants. Although the clinical features of NEC are well known, the pathogenesis in the tissue remains unclear (1), thereby hindering effective preventive and therapeutic interventions. The current understanding of NEC includes intolerance to enteral feeding, leading to nutrient fermentation, bacterial overgrowth, and toxin production, which subsequently trigger a tissue inflammatory response, mucosal atrophy, and transmural necrosis. It continues to be debated whether factors such as tissue ischemia and the associated reperfusion injury contribute to NEC, and particularly whether they are early predisposing factors or late consequences of the disease progression (2). The distal ileum and proximal colon are the most frequently affected regions, but sometimes NEC affects all regions of the gastrointestinal tract from the stomach to the rectum (2). It is believed that tissue lesions advance rapidly, over a few days, from focal patchy sites during the early stages of disease, but the exact time course of NEC remains unclear because access to tissue from mildly affected infants is limited.
n ecrotizing enterocolitis (NEC) is the most severe gastrointestinal complication in preterm infants. Although the clinical features of NEC are well known, the pathogenesis in the tissue remains unclear (1), thereby hindering effective preventive and therapeutic interventions. The current understanding of NEC includes intolerance to enteral feeding, leading to nutrient fermentation, bacterial overgrowth, and toxin production, which subsequently trigger a tissue inflammatory response, mucosal atrophy, and transmural necrosis. It continues to be debated whether factors such as tissue ischemia and the associated reperfusion injury contribute to NEC, and particularly whether they are early predisposing factors or late consequences of the disease progression (2) . The distal ileum and proximal colon are the most frequently affected regions, but sometimes NEC affects all regions of the gastrointestinal tract from the stomach to the rectum (2) . It is believed that tissue lesions advance rapidly, over a few days, from focal patchy sites during the early stages of disease, but the exact time course of NEC remains unclear because access to tissue from mildly affected infants is limited.
No effective prevention strategy for NEC is known so far, although slow advancement of enteral food, particularly mother's milk, has been documented to reduce NEC incidence (3) . Clinical signs (e.g., lethargy, abdominal distension and discoloration, food intolerance, intestinalis pneumatosis) lead to different forms of interventions (e.g., enteral food restriction, antibiotics, intestinal resection, peritoneal drainage) that differ among hospitals. There is a need to understand the key elements of NEC progression, both locally in the gut and at the whole-body level.
Animal models of NEC may help to identify the crucial steps in disease pathology, but it remains a large challenge to translate the results from rodent and pig models to human infants. In a large proportion of pigs, preterm birth and formula feeding induce spontaneous development of intestinal lesions, which is very similar to infant NEC (4, 5) , without the need for artificial insults such as the hypoxia, hypothermia, bacterial challenge, or aggressive formula feeding often used in rodent NEC models. A series of recent studies investigated the intestinal proteome in preterm pigs during the progression of feeding-and bacteriainduced NEC (6) (7) (8) . Proteomics allows simultaneous detection of hundreds of proteins, and we showed that the key cellular and physiological processes that characterized NEC development included intestinal stress response, protein processing and degradation, metabolism of selected amino acids (arginine, ornithine), carbohydrates, and energy (6) (7) (8) . Similar studies are difficult to perform in infants, but the results from pigs may help to understand proteome differences between healthy and NECaffected parts of the infant gut.
By gel-based proteomics, proteins are separated based on their pI and M r values, and the fluorescent staining dye provides a signal proportional to the protein amount. Protein identification based on the mass spectra allows reliable detection of 
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Intestinal proteomics of NEC patients specific proteins. Only proteins with extreme pI or M r , or those present with low abundance, are difficult to separate, identify, and quantify with gel-based proteomics. More sensitive liquid chromatography-based proteomic approaches are needed to detect such proteins. We hypothesized that the tissue proteome differences between NEC-affected and adjacent near-normal intestinal sections from the same infant would be similar to the differences observed previously between NEC and healthy pigs. Furthermore, we speculate that the NEC-affected tissue responses differ between the colon and small intestine, due to the marked differences in structure and functions of these two gastrointestinal regions. Using methods identical to those used in the pig experiments (6-8), we aimed to better characterize NEC progression in infants and some proteins that are central in the disease process and might be relevant targets for biomarker development or NEC therapy.
ReSUlTS

Clinical Characteristics and Histology Findings
Ten neonates with different gestation ages were enrolled in this study. Clinical characteristics are described in Table 1 , and representative histological sections of necrotic and vital sections from the small intestine and colon are shown in Figure 1 . The vital small-intestinal sections appeared normal or showed mild local disruption of villi but never separation of submucosal layers or serious hemorrhage (Figure 1a) . Conversely, the NEC-affected small-intestinal sections showed extensive destruction of the villus architecture, separation of submucosal layers, and hemorrhage (Figure 1b) . Likewise, in colon sections, only mild disruption of the crypt structure, without any hemorrhage or separation of the submucosal layers was present in vital sections (Figure 1c) , as compared with NECaffected colonic sections (Figure 1d ).
Proteomics
The molecular weight range of the proteins separated on twodimensional gel electrophoresis (2-DE) gel was 15-250 kDa and ~500 spots could be detected on the gels by the analyzing software PDQuest (Bio-Rad, Hercules, CA). For the small intestine, 30 proteins were identified with significantly different expression levels in NEC-affected vs. vital sections, whereas 23 proteins were identified in the colon sections. The positions of these identified proteins on the two-dimensional gel electrophoresis gels are shown in Figure 2 (NEC-affected and vital small intestine (Figure 2a,b) ; NEC-affected and vital colon (Figure 2c,d) ). Descriptive information of the identified proteins, including spot number, protein name, protein score, and expression quantity in each group (NEC-affected and vital), are listed in Tables 2 and 3 .
Five protein groups showed changes in both the small-intestine and colon regions, and these proteins were histamine receptor (HR) subunit peptide 1 (spot 1012 in Tables 2 and 3), α actin (spot 1006, 2411 in Table 2 and spot 2411 in Table 3 ), immunoglobin J chain (spot 0122 in Table 2 , spot 0121 and 0122 in Table 3 ), and g-γ globin (spot 6005, 6007 in Table 2 and spot 6007, 7003 in Table 3 ). Other cytoskeletal proteins affected by NEC were β-actin (spot 0017), α2 actin (spot 1006), and keratin 8 (spot 3607) in the small intestine, and γ2 actin (spot 0409) and keratin 6A (spot 3505) in the Table 2 ). Two heat shock proteins (HSPs), HSPA5 and HSP27, were identified with NEC-related differential expression in the small intestine (spots 0705 and 3110, respectively, Table 2 ). Likewise, fatty-acid binding protein 5, a well-known marker of intestinal inflammation, was downregulated in necrotic small intestine, and lactoferrin (spot 4309) and proteins related to antioxidation, such as heme-binding protein 2 (spot 0113) and biliverdin reductase B (spot 8004) were also affected ( Table 2) ; in the colon, thioredoxin-like 1 (spot 0206) and peroxiredoxin 1 (spot 7006) were affected by NEC progression ( Table 3) .
Numerous proteins related to carbohydrate and protein metabolism were affected by NEC progression, including ketohexokinase isoform b (spot 4204), aldehyde dehydrogenase (spot 6515), and pyruvate kinase (spot 8603) in the small intestine ( Table 2) , and ubiquinol-cytochrome c reductase (spot 6102), pyruvate dehydrogenase (spot 6305), and carbonic anhydrase (spot 7106) in the colon ( Table 3) . Propionyl-coenzyme A carboxylase α polypeptide (spot 5706) and 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/inosine monophosphate cyclohydrolase bifunctional enzyme (spot 6613) were identified in the small intestine ( Table 2) , whereas HMGCS2 (spot 7401) was observed in the colon ( Table 3) . As indicated above, these protein-expression changes were region specific and had no consistent direction of change (up or down), reflecting highly complex and site-specific changes in cell metabolism during NEC progression.
Western Blot and Immunohistochemistry of HSPA5 and HSP27
The relative abundance of two selected proteins, HSPA5 and HSP27, was crossvalidated by western blot (Figure 3a,c) . HSPA5 showed lower levels in NEC-affected intestines than in the vital tissues (P < 0.05), whereas HSP27 showed higher levels in NECaffected intestine. The localization of HSPA5 and HSP27 in the small intestine was documented by immunohistochemistry using specific antibodies. The immunostaining against these two proteins showed that they were mainly expressed in the outer layer of intestinal villi where the enterocytes were in contact with the luminal content (digesta, endogenous secretions, and bacteria; Figure 3b ,d).
DISCUSSION
The difficulties in obtaining human NEC intestinal specimens and corresponding control tissue for biochemical 
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analyses have limited the understanding of early and late events of NEC in human infants. For ethical reasons, control intestinal tissue from healthy infants is difficult to obtain, and the quality of tissue removed from infants with other early intestinal complications (e.g., atresia, stenosis, and Hirschsprung's disease) is limited by tremendous differences in the important and confounding factors such as pre-and postnatal age, intestinal region, feeding and antibiotic regimens, genetics, and the associated diseases. We therefore chose to compare the NEC-affected parts of intestines and colon with near-normal vital sections removed from the same infant, which is part of the standard practice for intestinal resection as treatment for NEC. Given that the vital sections removed were adjacent to the necrotic sections, the vital sections were mildly affected and the histological pictures of these vital sections indicated a mild disruption of intestinal structure (Figure 1a,c) . Therefore, the proteome changes between vital and NEC-affected tissues in this study provide information mainly about the changes during the late stage of NEC. We observed in our study that the small intestine and colon showed marked differences in their responses to NEC progression. Only five protein groups were affected in both regions: HRs, actins, globins, immunoglobulin, and α1-antitrypsin. The elevated expression of HRs in NECaffected tissues (both small intestine and colon) may reflect an effect of NEC on the histamine regulation of innate and acquired immune responses and a shift in the systemic Th (helper T cell) 1/Th2 balance from Th1 to Th2 to a more allergic state (9) . HRs also regulate smooth muscle contraction, gastric acid secretion, and neurotransmitter release (10) , indicating that the progression of NEC lesions affects these important functions via increased HR abundance. Similarly, a region-independent marked increase of immunoglobulin production in local tissue was found, which suggests that the progression of NEC is probably associated with invading gut microbes. Increases in g-γ globin (a hemoglobin) in both regions may reflect a high need for oxygen in this crucial process but could also reflect hemorrhage. In addition, the increased local expression of α1-antitrypsin found in both a spot number: the position of the spots on two-dimensional gel electrophoresis gels as shown in Figure 2 .
b Protein score: confidence of identification; the higher the score, the less probable that the identification is false (P < 0.05 for protein scores >66). 
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Intestinal proteomics of NEC patients small intestine and colon could protect the intestinal mucosa from the ongoing inflammation damage, similar to its role in inflammatory bowel diseases (11) .
Two HSPs (HSPA5 and HSP27) were affected by the progression of NEC lesions in the small intestine as detected by proteomic analysis. No differences were found in the colon sections. Generally, levels of HSPs are regulated by inflammation and metabolic stress, such as that occurring from ischemia reperfusion and oxidative stress. HSPs facilitate the synthesis, folding, distribution, and degradation of many cytoplasmic proteins, and the renaturation or removal of damaged proteins (12) . Our previous studies in preterm pigs indicate that the presence of gut microbiota plays a major role in HSPA5 and HSP27 regulation in association with NEC (8) . However, the roles of these proteins could be less pronounced in the progression of NEC in the infant intestine, and the upregulation of HSP27 levels detected by proteomics could not be confirmed conclusively by our follow-up western blot analyses. The finding that the two HSPs were detected in greatest abundance in the upper part of the villi in the preterm infant intestine support the notion that luminal factors play an important role in NEC-induced HSP regulation. Here, bacteria-mediated regulation of HSPA5 and HSP27 in NEC tissues may involve the nuclear factor-κB inflammatory pathway by its interaction with the inhibitor of κB kinase complex (13, 14) . HSP27 also plays an important role in the Ras homolog gene family, member A, and protein kinase C-α pathways (15) that are involved in smooth muscle contraction and epithelial tight junctions.
NEC lesions were associated with an adaptive antioxidative response in which the production of proteins protecting against oxidative stress was altered. The responses differed between the small intestine and colon with regard to the nature and direction (upregulated or downregulated) of affected proteins. Heme-binding proteins bind free heme and thereby help to avoid the production of toxic reactive oxygen species (16) . Likewise, the upregulation of biliverdin reductase B in intestinal necrotic tissues serves to protect against oxidative stress and lipid peroxidation via a bilirubin-biliverdin antioxidation cycle (17) . The bilirubin-biliverdin antioxidation cycle is known to protect the mucosal architecture following ischemia-reperfusion injury (18) , probably via biliverdin reductase working as a kinase to phosphorylate inhibitor of κB, which then inhibits the relocation of nuclear factor-κB in this inflammatory pathway (18) . The observation that thioredoxin-like 1 Articles Jiang et al.
was decreased in necrotic colonic tissue may reflect a reduced metabolic rate (19) and may lead to reduced protection against glucose deprivation-induced cytotoxicity and lowered protein reduction and proteolysis (20) . On the other hand, colonic peroxiredoxin 1 was upregulated, thus increasing the cellular protection against reactive oxygen species damage (21, 22) . This protein is central to eliminating H 2 O 2 generated by a variety of cellular stresses and proinflammatory cytokines, and it may have a protective role against apoptosis signal-regulating kinase 1-induced apoptosis (23) .
As the necrosis advances during NEC, the cytoskeleton proteins probably undergo tremendous change in expression in an attempt to maintain cell integrity. The activation of the cytovillin2 (ezrin)-readixin-moesin family results in tight junction and adherent junction disassembly (24) , which is found in NEC. Vinculin is also related to the loss of focal adhesion (25) . In addition, the expression of cytovillin 2 is also related to a stress-activated c-Jun N-terminal kinase (24) . Keratin 8, a major intermediate filament protein, acts as an antiapoptotic factor in hepatocytes and small intestine (26) . Together, effects on the above proteins by NEC progression suggest that enterocyte cytoskeleton rearrangement may be regulated not only by external signals such as attachment of gut microbes but also by intracellular pathways such as the mitogen-activated protein kinases pathway.
The progressing inflammatory lesions changed various metabolic pathways, including lowered metabolism of fructose (ketohexokinase isoform b) (27) and alcohol (aldehyde dehydrogenase) in the small intestine. The higher level of pyruvate kinase in NEC-affected small intestine and lower level of pyruvate dehydrogenase in NEC-affected colon indicate effects on pyruvate metabolism in NEC tissues. Increased metabolism was indicated for pyrimidine and purine (dihydropyrimidase, 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/inosine monophosphate cyclohydrolase) and cholesterol (propionyl-Co enzyme A) (28) in intestinal NEC tissues, whereas some differentially regulated proteins in colon suggest NEC-reduced ketogenesis (3-hydroxy-3-methylglutaryl -coenzymeA synthase 2) (29) and increased mitochondrial respiratory chain activity (ubiquinol-cytochrome c reductase) (30) .
Plasma concentrations of the intestinal fatty-acid binding protein 2 are elevated in patients with NEC (31) , and this may relate to our observation that intestinal fatty-acid binding protein 5 expression was reduced in NEC intestines. The role of this protein remains unclear apart from its known role in fattyacid absorption and transport and in local nervous system and regulation of water permeability (32) . A protein with increased intestinal expression in NEC, α1 B-glycoprotein, is elevated in pancreatic juice from patients with pancreatic ductal adenocarcinoma and in hepatocellular carcinoma cell lines and liver tumor tissue samples (33, 34) . Similarly, the marked expression increase in local intestinal and colonic immunoglobulin production might result in elevated circulating levels of the same components. Finally, increased local colonic production of haptoglobin may give rise to elevated levels of this important circulating acute-phase protein mainly synthesized in hepatocytes in response to infection or inflammation (35) . Of note, a precursor of haptoglobin, zonulin, modulates the permeability of tight junctions (36) . Colonic cyclophilin A is secreted in response to inflammatory stimuli such as hypoxia, infection, and other conditions of oxidative stress (37) . Another colonic protein with reduced expression, thrombospondin, probably indicates increased angiogenesis (38) and migration of endothelial cells, as well as impaired transforming growth factor α-dependent mucosal repair (39) .
The observed differences in proteome expression profile between normal and NEC-affected sections in different parts of the gut (intestine, colon) provide new knowledge about the region-specific changes during NEC progression. Proteins related to physiological processes such as antioxidation and carbohydrate, fatty acid, and energy metabolism were clearly region dependent. NEC progression takes quite different molecular pathways in these two regions, probably due to the numerous 
Intestinal proteomics of NEC patients differences in epithelial cell function, local immune system, and bacterial interactions between the small intestine and colon. Although histamine and its receptor appeared similarly regulated in the two regions, antioxidation and heat shock responses to NEC differed. The HSPs are particularly interesting because they have also repeatedly been observed to be affected by NEC in the preterm pig small intestine. HSPs may play different roles at the early and late stages of NEC, which may include managing stress and chaperoning of misfolded proteins. The immunohistochemical pictures of the examined infant intestines revealed that the HSPs were most abundant in cells at the outer layer of villi, perhaps indicating that contact with the luminal microbes may play a role for NEC-related HSP upregulation. The identified proteins related to the heme-homeostasis and nuclear factor-κB pathway suggest that NEC progression involves heme-centered oxidative stress and inflammatory responses.
The data of the current study could serve as the basis for developing new circulating biomarkers of region-specific NEC development. Unfortunately, we were not able to collect blood samples from the infants investigated in this study, and future investigations should attempt to analyze target-specific protein groups in both plasma and tissue. Secreted proteins are particularly interesting, especially, if they can be located specifically to the small intestine or colon. Further studies are required to show if the circulating levels of specific gut-derived antioxidants, immunoglobulins, antitrypsin, lactoferrin, hemoglobin, and fatty-acid binding protein subunits could serve to identify a region-specific NEC progression during the early phase of the disease, and thus help to support decisions about medical and/or surgical interventions.
MeTHODS
Infants and Collection of Intestinal Specimens
The study was performed on the neonates operated for NEC at Odense University Hospital, Odense, Denmark. Following laparatomy for surgical NEC intervention, necrotic tissue sections (0.5 cm) and adjacent sections were removed, then either immediately frozen in liquid nitrogen and stored at −80 °C for proteomics analyses or fixed in 4% paraformaldehyde for later histological evaluation. Patient's records were reviewed in order to characterize the clinical findings and disease progression. The study was approved by the ethical committees of the Capital Region of Denmark. All parents gave informed consent to tissue collections. No extra tissue was required for the analyses beyond the tissue removed as a part of the surgical intervention (removing both NEC-affected and adjacent vital sections).
Histology Assessment
The paraformaldehyde-fixed samples were embedded in paraffin and sectioned at 3 μm before being mounted on slides for staining with hematoxylin and eosin. All slides were checked with a light microscope (Orthoplane, Leitz, Germany) and imaged by Image J software (version 1.22c; National Institutes of Health, Bethesda, MD) (40).
Gel-Based Proteomics
Not all of the selected patients had NEC lesions in both the smallintestine and colon regions, and in some patients the resected NECaffected tissue section in one region was so necrotic that it was considered unsuitable for proteomic analysis. Considering the macroscopic evaluation, small-intestine sections from patients 1, 2, 4, 7, 8, and 9 and colon sections from patients 3, 4, 5, 6, 8, and 10 were used in the proteomic analyses, giving an n value of six for each region (n = 6 each for NEC-affected and vital small intestine and NEC-affected and vital colon). Extraction of intestinal proteins was carried out as previously described (6, 7) . Briefly, the tissue specimens were disrupted with a tissue teaser (Biospec Products, Bartlesville, OK) in a cocktail buffer (1% Triton X-100, 25 mmol/l N-2-hydroxyethylpiperazine-N9-2-ethanesufonic acid, 150 mmol/l NaCl, 1 mmol/l EDTA disodium salt, 1 mmol/l dithiothreitol, and the protease inhibitor cocktail set III (BioRad)). Superfluous salt in the protein extracts was removed with the trichloroacetic acid-acetone precipitation method as described previously (6) (7) (8) . The cleaned protein pellets were resuspended in a buffer containing 7 mol/l urea, 2 mol/l thiourea, 4% Chaps, and 100 mmol/l dithiothreitol. Protein concentration was determined with the Protein Quant Kit (GE Healthcare, Piscataway, NJ). The final protein solution was stored at −80 °C until proteomic analysis.
The details of the two-dimensional gel electrophoresis procedure have been described previously (6, 7) . One strip was run on each tissue sample. A protein sample (100 μg) was mixed with the rehydration buffer (9.5 mol/l urea, 2% Chaps, 0.28% dithiothreitol, 0.5% immobiline pH gradient buffer pI 3-10) before being added onto one 18-cm ReadyStrip IPG Strip (pI 3-10 Nonlinear, Bio-Rad). The isoelectric focusing was carried out on an Ettan IPGphor III IEF System (GE Healthcare), after a 7-h active rehydration step, following a five-step program until voltage × time reached 90,000 Vh.
The SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) of gel strips after isoelectric focusing was carried out using 12.5% PAGE gel in a Protean xi II cell (Bio-Rad) after a twostep equilibration, with the equilibration buffer (50 mmol/l, pH 8.8 Tris-HCl, 6 mol/l urea, 30% glycerol, 2% SDS) containing 20 mmol/l dithiothreitol or 20 mmol/l iodoacetamide. After electrophoresis, the gels were stained with Sypro Ruby Protein Stain (Bio-Rad), then scanned with the Molecular Imager PharosFX Plus System (Bio-Rad), and analyzed with the analyzing software PDQuest 8.0 (Bio-Rad). The matched spots, those that matched among the gels, were assigned numbers. The expression level of matched spots was exported to SPSS 11.5 for statistical analysis.
For identification, protein spots with significant expression difference between groups (necrotic and vital tissue in either small intestine or colon) were cut out manually and subjected to in-gel trypsin digestion as described previously (6, 7) . The purified protein digests were then subjected to protein identification with mass spectrometry on a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems, Carlsbad, CA). The protein identity was searched out based on a combination of peptide mass fingerprint and tandem mass spectrometry on a GPS Explorer Workstation (Applied Biosystems) with taxonomy limited to Homo sapiens (human) against the NCBInr database. Basic information of identified proteins was obtained from the mass spectrometry platform, which included protein name, GenInfo identifier, and protein score. A protein identity with a protein score of more than 66 was regarded as correct, considering that the probability of a mismatch in the identification of a protein with a protein score higher than 66 is P < 0.05.
Western Blot and Immunohistochemistry
Briefly, 25 μg protein was resolved by electrophoresis. Anti-GRP78 and anti-HSP27 (Abcam, Cambridge, UK) were used to detect the expression of HSPA5 and HSP27, respectively. The protein bands were visualized, and the density of the protein bands was detected by Quantity One (Bio-Rad). For histological localization of HSPA5 and HSP27, tissue section slides were deparaffinized and treated with the specific primary antibodies, followed by incubation with a fluorescein isothiocyanate-conjugated secondary antibody to visualize the proteins with microscopy.
Statistics
All data are expressed as mean ± SEM. Two-tailed paired t-test was used to analyze the difference of protein expression level measured by proteomics or western blot. SPSS 11.5 (SPSS, Somers, NY) was used for all statistical analyses, with P = 0.05 as the critical level of significance.
